Prenylated isoflavonoids have been found in several legume plants, and they possess various biological activities that play important roles in both plant defense and human health. However, it is still unknown whether prenylated isoflavonoids are present in the model legume plant Lotus japonicus.
Introduction
Prenylated flavonoids are naturally occurring plant compounds that are widely distributed in several plant families, including the Leguminosae, Moraceae, Umbelliferae and Euphorbiaceae (Tahara and Ibrahim 1995 , Barron and Ibrahim 1996 , Boland and Donnelly 1998 , Botta et al. 2005b , Botta et al. 2009 ). Prenylated flavonoids exhibited diverse biological activities, including anti-bacterial, anti-fungal, anti-oxidant, anti-tumor, anti-skin aging and estrogenic activities, as well as an ability to help regulate pressure (Ahmed-Belkacem et al. 2005 , Han et al. 2006 ). In addition, prenylated isoflavonoids also function as phytoalexins that are crucial for plant defense, e.g. glyceollins from Glycine max (Schmidt et al. 1992 , Lozovaya et al. 2004 , phaseollin from Phaseolus vulgaris (Biggs et al. 1987 )1 and prenylated genistein from Lupinus albus (Schröder et al. 1979 , Laflamme et al. 1993 .
The addition of an isoprenoid moiety to a flavonoid molecule can enhance its bioactivity and bioavailability relative to the non-prenylated parent compound (Wang et al. 1997 , Maitrejean et al. 2000 , Murakami et al. 2000 . The enhanced biological activities of prenylated flavonoids probably result from the presence of the lipophilic prenyl side chain that increases the lipophilicity and membrane permeability, and thus enhances the binding affinity of flavonoids for target biomolecules (Botta et al. 2005a) .
Prenylation is catalyzed by prenyltransferases (PTs), which is a rate-limiting step in the biosynthesis of prenylated flavonoids (Sasaki et al. 2011) . Plant flavonoid PTs are membrane-bound proteins, which complicates encoding gene mining and heterologous expression. Owing in part to difficulties in studying membrane proteins, only a few plant flavonoid PT genes have been characterized to date. The first flavonoid PT gene, SfN8DT-1, was identified from a leguminous medicinal plant Sophora flavescens, and this gene is responsible for the prenylation of naringenin at the C-8 position . A few additional PT genes have subsequently been identified from various plant species, including SfiLDT and SfFPT from S. flavescens (Sasaki et al. 2011 , Chen et al. 2013 , GuA6DT from Glycyrrhiza uralensis , CIPT1 from lemon , PcPT from parsley ), HIPT1 and HIPT2 from hops (Tsurumaru et al. 2012 , Li et al. 2015 and C4DT from soybean (Yoneyama et al. 2016) . These PT genes encode PTs that are active towards different aromatic compounds, including coumarin, naringenin, flavones, flavonones and bitter acids (Supplementary Table S1 ).
In addition to the aforementioned PT genes, a few PT genes that encode isoflavonoid PTs have also been identified. GmG4DT/GmG2DT, identified from G. max, encode PTs that catalyze the prenylation of glyceollin (Akashi et al. 2009 , Yoneyama et al. 2016 . SfG6DT from S. flavescens is responsible for the prenylation of the isoflavone genistein at C-6 position; this enzyme is also able to catalyze the prenylation of the methoxylated isoflavone biochanin A (Sasaki et al. 2011) . LaPT1 from L. albus encodes a PT that catalyzes the prenylation of genistein at the C-3 0 position to produce isowighteone (Shen et al. 2012 ). GmIDT1 and GmIDT2 from G. max encode PTs that have the ability to prenylate isoflavones genistein and daidzein (Yoneyama et al. 2016) . In plant species outside the Leguminosae family, MaIDT from Morus alba and CtIDT from Cudrania tricuspidata (both of them belong to the Moraceae family) were also able to catalyze the prenylation of genistein at C-6 position, besides other substrates such as naringenin and flavones .
To date, most PT genes have been identified from legume plants, but no PT gene has been identified in L. japonicus. Lotus japonicus is one of the model legume plants, along with Medicago truncatula and G. max, and it is rich in flavonoids (Suzuki et al. 2008) . Although no isoflavonoids are constitutively accumulate in the aerial parts of L. japonicus (Suzuki et al. 2008) , treatment of L. japonicus with reducerd glutathione (GSH) has been shown to result in substantial accumulation of isoflavonoids in seedlings and leaves (Shimada et al. 2000 , Shelton et al. 2012 , as well as in hairy roots overexpressing HID gene (Shimamura et al. 2007 ). In the present study of the prenylation of isoflavones in L. japonicus, significant accumulation of wighteone, a compound with a prenyl moiety at C-6 position of genistein, was found in leaves fed with genistein. Wighteone is an anti-fungal isoflavonoid which was shown to occurs in the legume plants L. albus and Glycine wightii in early reports (Lingham et al. 1977 , Schröder et al. 1979 . Three putative PT genes (LjPT1, 2 and 3) were screened from the L. japonicus expressed sequence tags (ESTs) available in the NCBI EST database. Only one of the recombinant proteins, LjPT1 [renamed as LjG6DT (Lotus japonicus DMAPP:genistein 6-dimethylallyltransferase)], was able to catalyze the prenylation of genistein at C-6 position to produce wighteone. In addition, we showed that overexpression of LjG6DT in hairy roots of L. japonicus enhanced accumulation of wighteone when fed with genistein. Our study demonstrated that prenylated isoflavonoid does exist in L. japonicus, and LjG6DT is responsible for the prenylation of genistein in this species (Fig. 1) .
Results

Identification of prenylated genistein in L. japonicus
No isoflavonoids constitutively accumulate in L. japonicus (Suzuki et al. 2008 ), but they are inducible by GSH treatment (Shimada et al. 2000 , Shelton et al. 2012 , as well as in hairy roots overexpressing HID gene that is a key gene in the isoflavonoid pathway (Shimamura et al. 2007) . In this study, we co-cultured detached leaves of 7-week-old L. japonicus seedlings with genistein (100 mM for 48 h), which is one of the most common isoflavone intermediates in legumes. Analysis showed that a new product appeared in leaf extracts supplied with genistein ( Fig. 2A, upper panel) , but not in the control treated with water ( Fig. 2A, lower panel) . Based on its similar UV spectrum to that of genistein ( Supplementary Fig. S1A ), it should be a genistein derivative. The new product displayed a monoisotopic mass-tocharge ratio (m/z) of 337.2 for a [M-H] -ion detected by ultrahigh performance liquid chromatography/tandem mass spectrometry (UPLC/MS/MS) ( Fig. 2B) , which was the same as monoprenylated isomers of genistein (e.g. wighteone, lupiwighteone and isowighteone) as described previously (Shen et al. 2012) . These results suggested the presence of prenylated isoflavone in L. japonicus when leaves were fed with genistein. It is thus reasonable to predict the presence of candidate isoflavone PT gene(s) in L. japonicus that is responsible for the formation of this prenylated derivative of genistein.
Isolation and sequence analyses of isoflavonoid prenyltransferase genes in L. japonicus Previous studies showed that flavonoid/isoflavonoid PTs from leguminous plants shared significant identity with each other , Akashi et al. 2009 , Sasaki et al. 2011 , Shen et al. 2012 , Chen et al. 2013 . Therefore, the nucleic acid sequences of three flavonoid/isoflavonoid PT genes, SfG6DT, LaPT1 and GmG4DT, from legume plants were used as queries in BLAST searches against the NCBI EST database to identify candidate PT genes from L. japonicus. This search yielded four ESTs encoding putative PTs: gij292789914, gij292684160, gij292789892 and gij292786221. These four ESTs contained full-length open reading frames (ORFs). Among them, the putative proteins encoded by ORFs of gij292789892 and gij292786221 differ by only one amino acid (at amino acid position 334: phenylalanine for gij292789892 and leucine for gij292786221); this difference was classified as a neutral substitution by the PROVEAN prediction program (http://provean.jcvi.org/seq_submit.php), implying that they are the same gene. Therefore, these four PT genes were thus designated as LjPT1 (gij292789914, GenBank accession No. KX228696), LjPT2 (gij292684160, GenBank accession No. KX228697) and LjPT3 (gij292789892 and gij292786221, GenBank accession No. KX228698).
The LjPT1, LjPT2 and LjPT3 genes were cloned from L. japonicus and they were predicted to encode polypeptides of 429, 410 and 410 amino acids, respectively. These three PTs showed 38-62% sequence similarities with other known flavonoid/isoflavonoid PTs from the legume family (Supplementary Table S2 ). All three deduced LjPT proteins possess the conserved PT motif, NQxxDxxxD ( Supplementary Fig. S2A ). In addition, they contain another characteristic sequence that is conserved in flavonoid PTs, KD(I/L)xDx(E/D)GD (Supplementary Fig. S2A ). All three PTs have 7-9 putative transmembrane a-helices, as predicted by the TMHMM Server program version 2.0. Furthermore, they were predicted to have a putative plastid transit peptide of 61, 40 and 86 amino acids, respectively, according to analysis with Chlorop 1.1, iPSORT and TargetP 1.1 (Supplementary Fig. S2B ). Plastid proteins often have unusually high pI values of >8.8 (Ferro et al. 2002) . The theoretical pIs of LjPT1, LjPT2 and LjPT3 were predicted to be, respectively, 9.7, 9.4 and 9.5 by the 'Computer-pi' tool available at the ExPASy bioinformatics resource portal (http://web.expasy.org/compute_pi/). These data indicate that the three putative PTs are most probably membrane-bound proteins localized in plastids, which is consistent with previously identified PTs (Akashi et al. 2009 , Shen et al. 2012 , Chen et al. 2013 .
A phylogenetic tree was constructed to assess the evolutionary relationship of these three LjPTs with other plant aromatic PTs (Fig. 3) . All three LjPTs were clustered together in the same clade, which was composed of Leguminosae-specific flavonoid PTs , Akashi et al. 2009 , Sasaki et al. 2011 , Shen et al. 2012 , Chen et al. 2013 . These three LjPTs were clearly divergent from another clade of flavonoid PTs from the Moraceae (e.g. MaIDT and CtIDT) (Fig. 3) . Our data suggest that these three LjPT genes encode flavonoid/isoflavonoid PTs, and are closely related to other functionally characterized flavonoid/isoflavonoid PTs in legume plants.
Functional characterization of recombinant LjPT proteins in vitro
The ORFs of LjPT1, LjPT2 and LjPT3 were cloned into the pDR196GW yeast expression vector, and the proteins were heterologously expressed in yeast strain W303-1A-Ácoq2. Yeast microsomal fractions containing the recombinant LjPT1, LjPT2 and LjPT3 proteins were incubated with dimethylallyl diphosphate (DMAPP) as a prenyl donor and 13 flavonoid aglycones as prenyl acceptors, with Mg 2+ ion as a cofactor in each individual reaction.
No enzymatic activity of LjPT2 and LjPT3 was observed in the yeast expression system. In contrast, the recombinant LjPT1 protein accepted genistein as an exclusive substrate to generate a new product (Fig. 4A) , but not in the assay with the empty vector control (Fig. 4B) . Although both kaempferol and quercetin derivatives are abundantly accumulated in L. japonicus leaf, LjPT1 did not use kaempferol or quercetin as substrate in the in vitro assays ( Table 1 ), suggesting that LjPT1 has a strict substrate specificity.
Both the retention time and UV spectrum of the new product matched those of the authentic wighteone standard ( Fig. 4C ; Supplementary Fig. S1B ), but was different from those of isowighteone that is produced by LaPT1 ( Fig. 4D ; Supplementary  Fig. S1C ). The LjPT1-genistein enzymatic reaction product was further confirmed by UPLC/MS/MS analysis, which yielded distinctive ions of m/z 133.1 derived from B-ring without the prenyl group (Fig. 4D) , implying the prenylation at C-6 or C-8 position. Meanwhile, both the retention time and the mass spectrum of the in vitro enzymatic product were exactly the same as that detected from leaf extracts treated with genistein ( Fig. 2) , indicating that LjPT1 is responsible for the production of wighteone in L. japonicus.
Previous studies have shown that DD104 yeast strain has a large pool of DMAPP that results from a point mutation in the gene encoding an endogenous farnesyl pyrophosphate synthase (Fischer et al. 2011 , Li et al. 2015 ; this strain has been used in functional characterization of hop PT genes (Li et al. 2015) . We transformed LjPT1 gene in DD104 strain with the goal of further verifying the activity of recombinant LjPT1 protein. As a result, a significant amount of wighteone was detected in yeast culture supplemented with genistein (100 mM) ( Supplementary Fig. S3 ). These results further confirmed that the recombinant LjPT1 protein was able to prenylate genistein at C-6 position to produce wighteone in vivo. Thus, LjPT1 was designated as DMAPP:genistein 6-dimethylallyltransferase (LjG6DT).
Enzymatic properties of recombinant LjG6DT protein
Previous studies have shown that activity of flavonoid/ isoflavonoid PT is dependent on divalent cations (Akashi et al. 2009 , Sasaki et al. 2011 , Shen et al. 2012 . Similarly, we found that no PT activity was observed without the addition of divalent metal ions ( Supplementary Fig. S4A ), a finding that demonstrates the essential role of divalent metal irons for the activity of LjG6DT. Seven different divalent cations were tested in the enzymatic assays, the activity of LjG6DT decreased in the order of Mg
, and no activity was detected when Cu 2+ was tested ( Supplementary  Fig. S4A ).
The prenylation activity is strongly affected by both pH and temperature (Shen et al. 2012) , therefore the relative activities of LjG6DT were measured at nine different temperatures (4, 16, 20, 25, 30, 40, 50, 60 and 70 C) in in vitro assays, and the highest activity occurred at 30 C ( Supplementary Fig. S4B ). Twelve different pH values (4.0, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9 .0, 10.0 and 11.0) were also tested, and the optimum pH value was 8.0 for the recombinant LjG6DT protein ( Supplementary Fig. S4C ). It thus appears that LjG6DT is possibly more stable under slightly alkaline conditions.
In silico subcellular localization analysis using the online program TargetP 1.1 (Nielsen et al. 1997 , Emanuelsson et al. 2000 predicted that LjG6DT is targeted to the plastid, with a putative transit peptide of 61 amino acids. It is known that the presence of Fig. 3 Phylogenetic analysis of the three deduced prenyltransferases from L. japonicus with other closely related prenyltransferases in plants. The multiple sequence alignment was performed using Clustal X2. Then the molecular phylogenetic tree based on the maximum likelihood method was reconstructed using MEGA6 software with a bootstrap value of 1,000. While generating the phylogenetic tree in MEGA6, the JTT matrixbased model was selected to infer the evolutionary history of the plant prenyltransferase sequences. All positions with <95% site coverage were eliminated.
an N-terminal transit peptide in GmG4DT and LaPT1 affect their enzymatic activities significantly in vitro (Akashi et al. 2009 , Shen et al. 2012 . We therefore generated a truncated LjG6DT lacking the putative 61 amino acid transit peptide and assayed the in vitro activity of this truncated protein in parallel with the intact LjG6DT protein. The results showed that the apparent K m values of the full-length and truncated LjG6DT proteins were 22.82 ± 1.2 mM and 292.6± 49 mM, with genistein as prenyl acceptor, and 171.2 ± 10.0 mM and 165.6 ± 3.1 mM with DMAPP as prenyl donor. These results revealed that the full-length recombinant LjG6DT had a higher affinity toward genistein than the truncated protein. Therefore, the enzyme characteristics of full-length LjG6DT are apparently different from those of the full-length GmG4DT that has no activity, or LaPT1 that had a lower affinity than the truncated proteins (Akashi et al. 2009 , Shen et al. 2012 . 
Subcellular localization analysis of LjG6DT
The LjG6DT protein has a predicted transit peptide at its N-terminus, and it is most probably targeted to plastids. To verify its subcellular localization experimentally, a fusion protein fusing the full-length LjG6DT with green fluorescent protein (LjG6DT-GFP), and a fusion protein of only the 61 amino acid transit peptide of LjG6DT with GFP (LjG6DT-TP 1-61 -GFP), were constructed and transfected into Arabidopsis mesophyll protoplasts. There results showed that the green fluorescence from both LjG6DT-GFP and LjG6DT-TP 1-61 -GFP exactly overlapped the red autofluorescence from plastids, indicating that both the full-length LjG6DT-GFP fusion protein and the LjG6DT-TP 1-61 -GFP fusion protein are targeted to the plastids in Arabidopsis mesophyll protoplasts (Fig. 5A, B) . In contrast, the control GFP showed a fluorescence pattern typical of cytosolic localization (Fig. 5C ). This result indicated that the 61 amino acid peptide at the N-terminus serves as a transit peptide, and LjG6DT is targeted to plastids.
Expression profiling of LjG6DT gene
Expression level of LjG6DT gene was analyzed in various organs as well as in seeds at different developmental stages by using quantitative real-time PCR (qRT-PCR) analysis. In comparison, relative expression levels of LjG6DT were low in leaves, but were relatively high in roots, stems and flowers (Fig. 6A) . Furthermore, relative expression levels of LjG6DT were higher in seeds (10-, 16-and 20-day-old seeds) than in the non-seed tissues (Fig. 6A) . In particular, relative expression level of LjG6DT in 20-day-old seeds was >300-fold higher than that in leaves (Fig. 6A) . These results indicate that LjG6DT is expressed to some extent in all of the organs that we tested, and it is expressed very strongly in seeds. This expression profile is different from that reported for SfN8DT, which is specifically expressed in root barks , suggesing that LjG6DT mainly acts in seeds.
GSH can stimulate the activation of defense responses and the production of phytoalexins (Lamb and Dixon 1997) . Previous studies have shown that GSH can induce isoflavonoid biosynthesis in L. japonicus (Shimada et al. 2000 , Shimada et al. 2007 , Shelton et al. 2012 . In this study, when L. japonicus leaves were co-cultured with both GSH and genistein, wighteone content more than doubled compared with genistein alone at 48 h ( Supplementary Fig. S5 ). This result led us to hypothesize that expression of LjG6DT in L. japonicus is inducible by GSH.
To investigate further whether GSH also affects transcription of LjG6DT, its expression was measured in 7-week-old L. japonicus leaves treated with 10 mM GSH. The transcript level of LjG6DT was >6-fold higher upon GSH treatment at 24 h than at 0 h (Fig. 6B) , which resulted in doubled wighteone content at 48 h. These results indicate that expression of LjG6DT gene is significantly induced by GSH treatment.
Methyl jasmonate (MeJA) and salicylic acid (SA) are two key plant hormones that play pivotal roles in defense responses. To determine whether MeJA and/or SA could induce expression of LjG6DT, 7-week-old L. japonicus leaves were treated with MeJA and SA. qRT-PCR-based expression analysis showed that both MeJA and SA can significantly induce expression of LjG6DT, with peaks of MeJA-induced expression at 6 and 48 h, and a peak of SA-induced expression at 24 h (Fig. 6B) . Taken together, these results reveal that LjG6DT transcription is induced rapidly by GSH, MeJA and SA treatments, implying that LjG6DT is possibly involved in defense responses against bacteria, insects and fungi.
Functional characterization of the LjG6DT gene in vivo
To investigate whether LjG6DT has the same catalytic activity in vivo as observed in vitro, the ORF of LjG6DT was overexpressed in L. japonicus hairy roots, by using the plant expression vector pB7WG2D.1, which has a GFP marker for convenient visual selection (Karimi et al. 2002) . GFP signals were observed in transgenic hairy root lines under a stereo-fluorescence microscope (Fig. 7A) . Additionally, RT-PCR confirmed that LjG6DT expression levels are higher in transgenic hairy root lines than in control hairy root culture (Fig. 7B) .
However, no genistein or wighteone was detectable in either transgenic or control hairy root cultures by HPLC analysis ( Supplementary Fig. S6 ); this may be due to the absence of genistein in L. japonicus under normal growth conditions. Therefore, we transferred transgenic and control hairy roots to a liquid medium supplemented with genistein (30 mM) to provide sufficient substrate to enable an analysis of enzymatic activity. As expected, wighteone was detected in the hairy root culture (Fig. 7C, first panel) ; its contents in the two transgenic lines (53.13 and 21.97 nmol g -1 DW) were >3.7-and 1.5-fold higher than in the control line (14.42 nmol g -1 DW) (Fig. 7C, ÀD) .
Furthermore, in order to accelerate the production of wighteone, GSH was also supplied along with genistein in the liquid 
Note: + and -indicate that activity or no activity was detected with the corresponding substrates. DMAPP was used as prenyl donor in the enzymatic assays.
media. The wighteone content in the control hairy root was 22.44 nmol g -1 DW after GSH treatment (Fig. 7C , second panel; Fig. 7D ). The wighteone contents in the two transgenic lines were 241.32 and 182.97 nmol g -1 DW (Fig. 7D) , which were >10.8-and 8.2-fold compared with the control line, indicating that the increase of wighteone was due to the overexpression of LjG6DT in transgenic lines. These results indicate that LjG6DT functions as a genistein PT and can catalyze the formation of wighteone from genistein in L. japonicus.
To investigate whether LjG6DT and/or other PTs can use other isoflavones rather than genistein as potential substrates in vivo, we also co-cultured detached leaves of L. japonicus with biochanin A, daidzein and formononetin. However, no putative prenylated isoflavones were detected by HPLC analysis (Supplementary Fig. S7 ). This result implies that no other prenylated isoflavone is present in L. japonicus; therefore, LjG6DT is essentially the key PT that contributes to the formation of prenylated genistein in L. japonicus.
Metabolic flux of isoflavones in L. japonicus
In this study, flavonoids and isoflavonoids were profiled by HPLC, but no genistein or other isoflavonoid compounds were detected in roots, stems, leaves, flowers or seeds under normal growth conditions ( Supplementary Fig. S8 ), which is the same as found in a previous report (Suzuki et al. 2008) . However, in this study, wighteone was detected when genistein was supplied as substrate (Fig. 2) , indicating that genistein is the limiting source for wighteone accumulation in L. japonicus. Therefore, the undetectable level of isoflavone endproduct was most probably due to the limited endogenous supply of upstream intermediates leading to genistein in L. japonicus.
To test this hypothesis further, detached L. japonicus leaves were fed with naringenin, which is the central precusor in the biosynthesis of isoflavones (genistein and biochanin A, Fig. 1 ). These experiments revealed that, in comparison with the mock control that was treated with water ( Supplementary  Fig. S9A , first panel), both genistein and biochanin A could be detected when exogenous naringenin was supplemented ( Supplementary Fig. S9A, second panel) . When the concentration of naringenin increased, the levels of both genistein and biochanin A increased, and the level of biochanin A was consistently higher than that of genistein ( Supplementary Fig. S9B) . Notably, when the concentration of naringenin was increased to 1,000 mM, genistein derivatives of wighteone and daidzein were still undetectable, but formononetin accumulated to a marked degree in detached leaves ( Supplementary Fig. S9B ). Our results indicated that the methylated isoflavones (biochanin A and formononetin) were predominantly accumulated in L. japonicus, and exogenous naringenin was also preferentially converted to methylated isoflavones.
Discussion
LjG6DT is a genistein 6-prenyltransferase localized in plastid Prenylated isoflavonoids are important phytoalexins in the family of Leguminosae, such as glyceollins from soybean (Schmidt et al. 1992) , phaseollin from P. vulgaris (Biggs et al. 1987) and wighteone, lupiwighteone and isowighteone from L. albus and G. uralensis (Gagnon et al. 1992 , Hatano et al. 2000 , Qiao et al. 2014 . Isoflavonoid PT genes have been successfully cloned from several legume plant species (Akashi et al. 2009 , Sasaki et al. 2011 , Shen et al. 2012 , Yoneyama et al. 2016 ). However, no prenylated isoflavones have yet been reported to be present in the model legume plant L. japonicus. In this study, an EST encoding LjG6DT was identified through a homology search based on sequence of other characterized isoflavonoid PT genes. LjG6DT shared relatively high sequence similarity with SfG6DT and LaPT1, and it was also grouped in the same clade with SfG6DT and LaPT1 in the phylogenetic tree ( Fig. 3; Supplementary Fig. S2 ).
As one of the major isoflavone intermediates in legumes, genistein can be prenylated at the C-6, C-8 and C-3 0 positions, to generate wighteone, lupiwighteone and isowighteone, respectively. The genes that were definitely involved in C-6 and C-3 0 prenylation of genistein were SfG6DT from S. flavescens (Sasaki et al. 2011) and LaPT1 from L. albus (Shen et al. 2012) . The function of the recombinant LjG6DT protein was validated with a yeast expression system, and the recombinant LjG6DT protein showed regio-specificity for prenylation of genistein at C-6 position (Fig. 4) . The finding that LjG6DT can prenylate C-6 of genistein in L. japonicus validates the presence of prenylated genistein in the model legume plant L. japonicus.
Our results show that LjG6DT is a new isoflavone PT gene, which is different from LaPT1 and SfG6DT in substrate specificity. The recombinant LjG6DT protein displays a more strict substrate specificity as compared with LaPT1 that exhibits activity toward both genistein and 2 0 -hydroxygenistein (Shen et al. 2012) , and SfG6DT toward both genistein and biochanin A (Sasaki et al. 2011 ). However, LjG6DT only exhibits activity toward genistein, but not 2 0 -hydroxygenistein or biochanin A ( Table 1) . Among all PT genes that have been reported to be involved in flavonoid prenylation, LjG6DT is unique with its narrow substrate spectrum.
The accumulation of wighteone was inducible under GSH treatment, which is different from the constitutively produced prenylated isoflavonoids by SfG6DT in S. flavescens or LaPT1 in L. albus (Sasaki et al. 2011 , Shen et al. 2012 . Our results showed that no other prenylated form of genistein, except wighteone, was detected in L. japonicus ( Fig. 2; Supplementary Fig. S8 ). Consistently, except for LjG6DT, LjPT2 and LjPT3, no other flavonoid PT genes with significant sequence identity were found in the L. japonicus genome. Therefore, it is possible that LjG6DT is responsible for the accumulation of wighteone in L. japonicus. This phenomenon is different from G. max, which has more than one functional PT for the production of different prenylated flavonoids (Akashi et al. 2009 , Yoneyama et al. 2016 ).
Plastids are a major intracellular site for the biosynthesis of prenyl moieties; so plastid localization may play a key role in the in vivo biological activity of flavonoid and isoflavonoid PTs (Akashi et al. 2009 , Shen et al. 2012 . Early reports showed that SfN8DT, GmG4DT and SfG6DT are localized in plastids (Akashi et al. 2009 , Sasaki et al. 2011 , and LaPT1 is localized to chloroplasts (Shen et al. 2012) . Our study here indicated that LjG6DT is localized to plastids where it has been shown to be a major source of DMAPP (Fig. 5) , which is consistent with PTs from previous studies.
However, the transit peptide of LjG6DT showed a unique role in the in vitro activities of LjG6DT, which is different from other characterized PTs. The plastid transit peptide inactivates the in vitro activity of the recombinant GmG4DT protein for some unknown reasons , Akashi et al. 2009 ), while the activity of LaPT1 lacking the transit peptide is greater than that of the full-length protein (Shen et al. 2012 ). In contrast, the affinity of the full-length protein is significantly higher than that of the truncated protein, suggesting that LjG6DT is different from other PTs.
LjG6DT is involved in the inducible accumulation of phytoalexins in L. japonicus
The transcript level of LjG6DT in leaves was extremely low, but LjG6DT expression was highly induced by GSH treatment (Fig. 6) . After GSH or yeast elicitation, a rapidly increased transcript level of the phytoalexin biosynthetic pathway genes generally led to significant biosynthesis and accumulation of phytoalexin in M. truncatula, G. max and L. japonicus . Transcript levels were expressed relative to that of leaves, which was set to 1. (B) Relative transcript levels of LjG6DT induced by GSH, MeJA and SA treatments at different time points. Detached leaves from 7-week-old seedlings were used in the treatment. Transcript levels were expressed relative to 0 h, which was set to 1 for each treatment. (Naoumkina et al. 2007 , Shimada et al. 2007 , Farag et al. 2008 , Akashi et al. 2009 , Shelton et al. 2012 . In the present study, the transcript level of LjG6DT was also highly up-regulated after GSH elicitation (Fig. 6) , which therefore explained the increased accumulation of wighteone when genistein was supplied (Fig. 7C) . Vestitol is the other major phytoalexin in L. japonicus, and both accumulation of vestitol and transcript level of vestitol pathway genes were induced by GSH treatment (Shimada et al. 2007 , Shelton et al. 2012 , which is the same as wighteone. Previous reports showed that R2R3-type MYB transcription factors are involved in the regulation of flavonoid biosynthesis in many plant species (Borevitz et al. 2000 , Nesi et al. 2001 , Yan et al. 2015 . Several subgroup 2 genes of the R2R3-type MYB family show an increased expression level after treatment with GSH in L. japonicus (Shelton et al. 2012) , which is consistent with the increased transcript level of LjG6DT. In particular, one of the subgroup 2 genes, LjMYB14, induces the expression of phenylpropanoid and isoflavonoid (vestitol) pathway genes, including IFS (2-hydroisoflavanone synthase) and HID (2-hydroisoflavanone dehydratase) (Shelton et al. 2012) . Since wighteone shares the same upstream biosynthesis pathway with vestitol ( Fig. 1) , it is conceivable that LjG6DT is co-ordinately regulated by the same group of transcription factors, such as LjMYB14.
In the present study, it was found that transcript level of LjG6DT was signicantly induced by both MeJA and SA treatment (Fig. 6) . This observation is the same as for SfN8DT, expression level of which is strongly induced by both MeJA and SA treatment . Since the treatment of these signal molecules mimics defense reactions against insect and fungal attack, it is likely that LjG6DT is involved in defense responses and that wighteone may serve as a major phytoalexin in L. japonicus.
Genistein prenylation is competed by genistein methylation in L. japonicus leaf
Typically, most of the isoflavonoid phytoalexins of Leguminosae are species specific with respect to both parent skeletons and their modification. Naringenin and liquilitigenin are the two common skeletons in legume plants (Fig. 1) , and prenylation and methylation are the two major modifications. In leguminous plants, there are many isoflavonoid compounds derived from methylated liquilitigenin, including medicarpin from M. truncatula and M. sativa Ibrahim 1995, Barron and Ibrahim 1996) , and vestitol from L. japonicus (Shimada et al. 2000) .
Naringenin can be converted to biochanin A (methoxyisoflavone) through methylation of HI4 0 OMT (2,7,4 0 -trihydroxyisoflavanone 4 0 -O-methyltransferase); or transferred directly to genistein through IFS and HID (Fig. 1) . There might be a very fine balance between the flux of methylated isoflavonoids and non-methylated isoflavonoids, and the lack of wighteone (the prenylation of genistein) could be due to the low level of genistein under normal conditions. Our results showed that genistein was significantly accumulated in leaves of L. japonicus when naringenin was supplemented. However, biochanin A content was significantly higher than that of genistein in L. japonicus leaves with naringenin supplement. These results were consistent with the previous reports that methylated isoflavonoids and non-methylated isoflavonoids are concomitant in M. truncatula , Farag et al. 2008 and Sophora flavescens (He et al. 2015) , and one isoflavonoid compound accounts for a greater proportion than the other. Our data showed that the content of genistein and biochanin A displayed a ratio of approximately 1 : 3, indicating that methylated isoflavonoids are predominant in L. japonicus, which may partially explain the lack of constitutively accumulated wighteone in L. japonicus. However, we could not exclude the possibility that production of wighteone in L. japonicus by genistein feeding is an artificial condition, and L. japonicus may have lost the ability to produce wighteone during evolution but still keep the corresponding gene. So far, almost all flavonoid PTs were found from legume plant species, and they all grouped in the same clade in the phytogenetic tree (Fig. 4) . Therefore, it is possible to predict whether or not a PT possesses catalytic activity towards flavonoids, but it will still be hard to predict its specific flavonoid substrates. Accordingly, further discovery of flavonoid PTs from legume or even non-legume plant families will help deepen our understanding of the catalytic mechanism of PTs and their molecular evolution in the near future.
Wighteone is an anti-fungal isoflavonoid, which was shown to occur in the legume plants L. albus and G. wightii in early reports (Lingham et al. 1977 , Schröder et al. 1979 . In L. japonicus, although wighteone was not constitutively accumulated, it could be synthesized under particular conditions such as pathogen attack or particular organs such as roots, an idea that will require further investigation. Nevertheless, based on its substrate specificity and relatively high catalytic efficiency, LjG6DT might be used for regiospecific prenylation of flavonoids to provide bioactive wighteone in potential therapeutic applications. Meanwhile, due to its in vivo activity, LjG6DT could also be utilized for plant defense as a phytoalexin producer through overexpression.
Materials and Methods
Plant materials and growth conditions
Lotus japonicus cv. Miyakojima line MG-20 described previously (Verdier et al. 2013 ) was used in the present study. The seeds were scarified with concentrated sulfuric acid for 10 min, and then washed clean with glacial water. Scarified seeds were sterilized with 20% bleach for 15 min and then rinsed five times with sterilized water. Then seeds were germinated for 4 d on filter paper after vernalization at 4 C for 2 d. The seedlings were then transplanted to pots and grown in a greenhouse at 25 C/23 C with 16 h/8 h light/dark cycles. Roots, stems, leaves and flowers of 7-week-old L. japonicus, and 10-, 16-and 20-day-old (days after pollination) seeds were harvested, immediately frozen in liquid nitrogen and stored at -80 C until further processing.
Chemicals
Various flavonoid substrates (genistein, 2 0 -hydroxygenistein, daidzein, biochanin A, formononetin, apigenin, luteolin, tricetin, kaempferol, quercetin, myricetin, naringenin and liquiritigenin) were purchased from Shanghai Tongtian Biotechnology Company Ltd., and wighteone was purchased from Chemfaces Biochemical Co. Ltd. DMAPP and yeast strain DD104 were kindly provided by Professor Guodong Wang (Institute of Genetics and Developmental Biology, the Chinese Academy of Sciences, Beijing, China). Yeast synthetic drop-out (SD) medium was purchased from Sangon Biotech.
Cloning of prenyltransferase genes in L. japonicus
Total RNAs were extracted from roots, stems, flowers, seeds and detached leaves of L. japonicus that had been treated with GSH, and water as control, using TRNzol Reagent (TIANGEN Biotech). A 1 mg aliquot of cleaned RNAs from roots was initially used to synthesize first-strand cDNA using the HiFiScript Quick gDNA Removal cDNA Kit from Kangwei Biotech. To obtain ORF sequences of putative PT genes from L. japonicus, gene-specific primers (Supplementary Table S3 ) were designed according to the four ESTs deposited at the NCBI website under accession numbers: gij292789914, gij292684160, gij292789892 and gij292786221. The ORFs (LjPT1, 2 and 3) were amplified by PCR with Phusion High-Fidelity DNA Polymerase, and then cloned into the Gateway Entry vector pENTR/D/TOPO (Invitrogen) and confirmed by sequencing.
Sequence and phylogenetic analysis of LjPTs
The protein sequences of PTs involved in natural product biosynthesis were used for sequence alignment and construction of phylogenetic tree. The multiple sequence alignment was performed using Clustal X2 (Larkin et al. 2007 ). Then molecular phylogenetic tree based on the maximum likelihood method was reconstructed using MEGA6 software with a bootstrap value of 1,000 (Tamura et al. 2013) . While generating the phylogenetic tree in MEGA6, the JTT matrix-based model (Jones et al. 1992 ) was selected to infer the evolutionary history of the plant PT sequences. All positions with <95% site coverage were eliminated.
Construction of yeast expression vector and yeast transformation
The ORFs of the LjPT1, 2 and 3 genes were subcloned into yeast gateway expression vector pDR196GW (at Spe I and Xho I restriction sites) that carries the yeast PMA1 promoter. The LjPT1 fragment lacking the putative transit peptide sequence (61 amino acids) at the N-terminal region was also amplified with gene-specific primers (Supplementary Table S3 ) and subcloned into the pDR196GW vector. The resulting vectors pDR196GW-LjPT1/2/3 and pDR196GW-LjPT1 Á1-61 were all transformed into yeast strain W303A1 by the modified LiCl method (Pompon et al. 1996 , Liu et al. 2003 . The transformants were selected on SD (-uracil) plates, and further confirmed by PCR.
Preparation of yeast microsomes and enzyme assays
A positive yeast transformant was cultured, and the yeast microsomal fraction was prepared as described previously (Yazaki et al. 2002 , Shen et al. 2012 . The microsome pellets obtained by ultracentrifugation were resuspended in 1 ml of 100 mM Tris-HCl (pH 7.5), and transferred to a glass homogenizer. The pellets were homogenized on ice and completely suspended in Tris-HCl buffer. The total protein concentration was determined by the Bradford method (Bradford 1976) .
The basic enzymatic reaction for PT contained 1 mM dithiothreitol, 25 mM MOPS (pH 7.0), 10 mM Mg 2+ , 100 mM flavonoid standards and 250 mM DMAPP. The reaction mixtures with a total volume of 200 ml, including 40 mg of recombinant yeast microsome protein and the basic enzymatic reaction, were incubated at 30 C for 3 h. The reaction was terminated by the addition of 200 ml of methanol, and centrifuged at 18,000 Â g for 15 min. Samples of 40 ml were run on an HPLC 1260 (Agilent) as described previously (Jiang et al. 2015) .
The yeast DD104 strain that contained pDR196GW-LjG6DT vector was cultured for 96 h in 5 ml of SD medium supplemented with 100 mM genistein. Then the ethyl acetate extract of the resulting yeast culture was further determined by HPLC.
To test the divalent cation requirement of the LjG6DT activity, 20 mg of microsome protein was used in a reaction mixture supplemented with 10 mM MgCl 2 , MnCl 2 , CoCl 2 , CaCl 2 , ZnCl 2 , CuCl 2 or FeCl 2, and incubated at 30 C for 1 h. To test the apparent K m value of the full-length and truncated LjG6DT protein for genistein, 20 mg of the yeast microsome protein was incubated with various concentrations of genistein (5, 10, 20, 40, 80, 160 , 400 and 1,000 mM) and a fixed concentration of DMAPP (2 mM). The apparent K m for DMAPP was determined with various concentrations of DMAPP (5, 10, 20, 40, 80, 160 , 400, 1,000 and 2,000 mM) and a fixed concentration of genistein (1 mM). Given the very similar UV spectrum and extinction coefficient of wighteone and genistein, the reaction product was quantified using the standard curve of genistein. The apparent K m values were calculated using Lineweaver-Burk plots. All enzymatic assays were performed in triplicate.
Generation of LjG6DT-overexpressing hairy roots
The entry vector containing LjG6DT gene was transferred to the gateway destination vector pB7GW2D.1 by site-specific recombination with LR Clonase according to the manufacturer's instructions (Invitrogen). The resulting binary vector pB7GW2D-LjG6DT was transformed into Agrobacterium rhizogenes strain ARquaI, and one positive colony was cultured and used to inoculate radicles of L. japonicus (cv. Miyakojima MG-20) seedlings as described previously (Shimamura et al. 2007) . ARquaI strain was used as control for hairy root transformation. Hairy roots were maintained on B5 medium, and positive hairy root lines were confirmed by both PCR and the presence of GFP fluorescence.
LjG6DT-overexpressing and control hairy root lines were transferred onto half-strength B5 liquid medium supplemented with 30 mM genistein for 24 h. All samples were cleaned, collected and directly stored at -80 C for further analysis.
Analysis of LjG6DT gene expression by quantitative real-time PCR
Detached leaves from 7-week-old L. japonicus were treated with GSH (10 mM), SA (100 mM), MeJA (100 mM) and water (H 2 O) at 0, 3, 6, 12, 24, 36 and 48 h. These samples were harvested, immediately frozen in liquid nitrogen, and stored at -80 C. Total RNA was isolated using TRNzol Reagent (TIANGEN Biotech), and first-strand cDNA was synthesized using the HiFiScript Quick gDNA Removal cDNA Kit from Kangwei Biotech. qRT-PCR was performed with the ViiA 7 (Applied Biosystems) using 2 Â UltraSYBR Mixture (with ROX) from Kangwei Biotech. We followed the procedure outlined in the manufacturer's instructions with small modification: denaturation at 95 C for 10 min, followed by 40 cycles at 95 C for 15 s, 60 C for 20 s and 72 C for 30 s. Primer pairs for LjG6DT and LJEF1 in quantitative PCRs are listed in Supplementary  Table S3 . All the treated samples were normalized using mRNA of the reference gene, LJEF1, as an internal control sample for each line. In different tissues of L. japonicus, transcript levels were expressed relative to that of leaves, which was set to 1. In samples treated with GSH, MeJA or SA, transcript levels were expressed relative to the corresponding treatment at 0 h, which was set to 1. All results were performed in technical triplicates.
Subcellular localization of LjG6DT protein
ORF of LjG6DT lacking the stop codon, and the 61 amino acid transit peptide fragment were each subcloned into the pJIT163-GFP vector, resulting in LjG6DT-GFP and LjG6DT-TP 1-61 -GFP fusion gene under the control of the double 35S Cauliflower mosaic virus (CaMV) promoter. These two plasmids were further confirmed by sequencing and transformed into Arabidopsis protoplasts via polyethylene glycol-mediated transformation as described previously (Yoo et al. 2007) . After 16 h of incubation at 25 C, GFP fluorescence was observed under a confocal laser scanning microscope (Leica TCS SP5).
Analysis of flavonoid metabolites in L. japonicus
Detached leaves from 7-week-old L. japonicus seedlings were co-cultured with flavonoids or isoflavonoids (10, 100, 500 and 1,000 mM naringenin, and 100 mM genistein) in half-strength B5 liquid medium in the dark at room temperature (23-25 C) with gentle shaking (100 r.p.m.). Leaves were treated for 48 h in the medium, which also contained 0.01% Silwet 77 to reduce leaf surface tension. For the analysis of flavonoid compounds, leaf material (about 1 g FW) was harvested and lyophilized before extracting with 80% methanol. Analysis of 50 ml of extraction solution (equal to 1 mg leaves DW) was performed by HPLC as described above. Enzymatic product and the induced flavonoid compounds in leaves were also analyzed on a Xevo TQ-MS mass spectrometer (Waters) in negative-ion mode as previously described by Feng et al. (2016) .
Supplementary data
Supplementary data are available at PCP online. 
